A simple and effective method without vacuum to control the wetting properties of AISI 316L stainless steel using femtosecond laser pulses at high repetition rate has been developed. Both hydrophilic and hydrophobic surfaces were formed by creating micro-conical structures on the surface with femtosecond laser irradiation in air. The scan speed was found to be an effective parameter in controlling micro-cone morphology, size and number densities and contact angles during surface wettability experiments. It was found during surface wettability experiments that the contact angle of water varied from 0
Introduction
In femtosecond (fs) laser irradiation, formation of conical micro-spikes has been observed on semiconductors [1] [2] [3] and metal surfaces [4, 5] . The resulting conical textures have received enormous attention for their scientific significance and potential applications. One attractive application of such surfaces is their use in controlling surface wettability. Such wetting controllability has a wide range of applications including enhancement of heat transfer [6] [7] [8] , adhesion improvement for surface coatings [9, 10] and self-cleaning and anti-icing surface fabrications [11, 12] . The roughness imposed by conical microstructures formed when irradiated with fs pulses can change wetted surface fraction so that the contact angle of liquids can be controlled [13, 14] . Although hydrophilic surfaces are equally important, previous studies on fs surface modifications were only focused on realization 1 Author to whom any correspondence should be addressed. of hydrophobic surfaces. However, in the current investigation both hydrophobic and hydrophilic surfaces were fabricated via micro-cones formation by fs laser pulses at high repetition on AISI 316L stainless steel (SS) surfaces.
The ability to control the wetting properties of SS is extremely beneficial as a common metal in many areas of daily life as well as for scientific and industrial applications. Various existing methods have been employed to control the wetting properties of SS surfaces for preparing (a) hydrophilic surfaces via hydrophilic coatings [6, 7] , plasma treatments [8, 9] and chemical treatments [9, 10] and (b) hydrophobic surfaces via hydrophobic coatings [12, [15] [16] [17] . However, these methods are generally expensive, complicated and time consuming. Some simple methods, such as chemical treatments, and cheap coatings are generally either evanescent or fragile. Moreover, no single method can cover the wide range of contact angles from the superhydrophilic to superhydrophobic condition. As mentioned earlier, in the current investigation a simple and reliable method to control the wettability of SS surfaces was developed. In this investigation two different types of micro-cone formations on AISI 316L SS surfaces under fs laser irradiation at high repetition rate ( 500 kHz) were demonstrated. It was observed that these two types of micro-cones were generated depending on the pulse fluence, i.e. low (near threshold to ∼0.26 J cm ). For both formation processes, by changing the scanning speed v, average micro-cone size (or micro-cone number density) was controlled. The influence of these two different surfaces on wetting properties was investigated. It was observed that these micro-cones created both hydrophilic and hydrophobic surfaces on AISI 316L SS. Contact angles were tuned between 0
• and near 120
• . Also, it was demonstrated that superhydrophobic surfaces could be created by additional hydrophobic coatings on micro-conical textured surfaces.
Experimental details
AISI 316L SS experimental samples were prepared for laser irradiation by mechanical polishing followed by methanol cleaning. The irradiating laser used was an fs-pulsed fiber laser with a wavelength of 1043 nm that delivered ∼490 fs laser pulses with ∼10 μJ pulse energy. The pulse energy was varied using a combination of a half-wave plate and a polarizer. The beam shape was found to be near Gaussian. Using a 167 mm focal length F-theta lens spot size, of full width at 1/e 2 maximum, at focus was D ∼ 50 μm in diameter. A twomirror galvanometric scanner manufactured by SCANLAB, Germany (model: hurrySCAN R II 14, maximum wavelength 1064 nm) and a Z-direction stage were used to control the motion of laser beam spots and z-position (fixed at focus). The beam was linearly polarized perpendicular to scan directions. In the layer-by-layer ablation process as shown in the schematic (figure 1), each layer was scanned with multiple parallel lines with a center-to-center pitch ( d) of 10 μm. The number of layers (N) and the scanning speed (v) were manipulated to form micro-cones. The threshold fluence for SS for micro-cone formation was found to be F th ∼ 0.109 J cm −2 . Experiments were performed in air with both 500 and 1000 kHz repetition rates. Micro-cone number density variation was found to be larger in the case of high-fluence conditions (F ∼ 1.014 J cm −2 at 1000 kHz) compared to lowfluence conditions (F ∼ 0.253 J cm −2 at 500 kHz) for v ranging from 120 to 2400 mm s −1 . Following experiments irradiated surface microstructures were examined by scanning electron microscopy (SEM) (Philips TM XL30 FEG scanning electron microscope). Each SEM micrograph was taken at a 45
• angle to the surface. EDAX R analyses of experimental sample surfaces were performed to determine chemical composition of microstructural features.
Surface wettability tests were performed on irradiated and microstructured AISI 316L SS sample surfaces with 3 μL deionized (DI) water droplets, and static contact angles were measured by the sessile drop method. Additionally, to achieve further hydrophobicity or superhydrophobicity, textured surfaces with micro-cones formed under high-fluence conditions were coated with a functionalized silane (tridecafluoro-1,1,2,2,-tetrahydrooctyl-1-trichlorosilane) by the chemical vapor diposition (CVD) process, and similar surface wetability tests were performed. Contact angles of water droplets were measured from photographs taken during experiments with a high-speed camera. Each contact angle value was an average of three experimental measurements.
Results and discussion
In the current investigation, fs laser ablation at high repetition rates of 500 and 1000 kHz was used to systematically develop micro-cone morphologies in air on AISI 316L SS surfaces, through progressive evolution at different laser fluences for a wide range of scanning velocities. Two types of micro-cone morphologies formed at these high repetition rates under highand low-fluence conditions were clearly distinguished. It was observed that the micro-cone formation, i.e. the nucleation and growth process, is governed by a dynamic balance between redeposition and ablation processes. This is evident from dendritic microstructure observed during micro-cones crosssection analysis presented elsewhere [18] . Initially, surface is roughened by fs pulses, and then non-uniformity results in the local variation of absorption leading to evolution of micro-cone arrays. At low fluence (F ∼ 0.253 J cm ), due to low energy density per pulse, inclined walls of micro-cones did not ablate because the irradiation fluence required for ablation increased due to the increased effective surface area, and redeposition of ablated materials dominated. This led to preferential material removal as shown in figure 2(b) . The selectivity by threshold shift is critical when the fluence is near the ablation threshold value. At high fluence (F ∼ 1.014 J cm −2 ), due to energy density being far beyond ablation threshold, extra energy enables an overall material removal and causes the ablation process to dominate over the redeposition process. Higher absorptance in valleys induced by laser radiation and surface wave interference causes higher but uniform material removal rate from both inclines and peaks. It was observed during experiments that the aspect ratio (height to width) of microcones increased with increasing number of scanned layers. Compared to micro-cones formed by low fluence, cones formed at high fluence have a relatively uniform distribution and higher aspect ratio. For both micro-cone morphologies, surface morphology did not change with increasing N once the conical structures were fully developed. N was increased up to the saturation points in both micro-cone formations. . Each SEM micrograph was taken at a 45
• angle to the surface. Tables 1 and 2 show the average ablation depths and ablation rates for corresponding specimens shown in figures 2 and 3, respectively. It was observed that in both tables 1 and 2 ablation rate increased from (a) to (b) and then decreased to (c). However, under the high-fluence condition (table 2) this decrease was less as compared to that under the low-fluence condition (table 1) . Also, it was observed that under the highfluence condition ablation depth increased with increasing N whereas under the low-fluence condition it decreased after reaching a maximum depth. Figure 4 shows SEM micrographs of sample surfaces formed by low fluence (F ∼ 0.180 J cm ) at various scan speeds (v) and photographs of water droplets on corresponding surfaces. The number density of cones increases (or the distance between cones decreases) with increasing v. As v increases, thermal stresses induced by heat accumulation decreases [20] . However, when v is increased further (>1200 mm s ) micro-cones disappeared forming a smooth surface as shown in figure 4(c). For these samples, surfaces were all hydrophilic, θ < 30
• , while surfaces scanned at v > 480 mm s −1 are superhydrophilic (θ = 0 • ). The surface wettability was determined by the combined effect of the surface chemistry and geometry of surface microstructure. For homogeneous hydrophilic surfaces, the Wenzel model is generally used to relate the Wenzel apparent contact angle, θ w , with the Young contact angle, θ Y , and the roughness ratio, r. The roughness ratio was defined as the ratio of the actual area of the solid surface to its geometric surface [21] ,
According to equation (1), if roughness due to micro-cones has more dominant influence on contact angles, θ Y in figure 4 (a) must be less than that in figure 4(c) because r > 1. But the current observation shows the reverse trend. Consequently, the surface geometry dependence of the contact angle was negligible for hydrophilic surfaces indicating a strong surface chemistry dependence. In EDAX R analysis, it was found that micro-cone textured surfaces formed with low-fluence irradiation had approximately 3.2 to 4.9 times (weight base) more oxide than that of the polished surface. Oxides were believed to have chemically altered the hydrophilicity of surfaces due to their strong affinity for hydroxylation [22] .
For samples prepared by high fluence (figure 5), microcone number density also increased with v. Although this trend is the same as observed in the case of low fluence, a different explanation could be given for this behavior. Such a trend was caused since effective average fluence per scan layer decreased with increasing v. This decrease in average fluence reduced micro-cone number density similar to that found in previous studies by other researchers using fs pulses and high fluence [2, 4, 5] . For these samples, wide ranges of resulting contact angles were measured as shown in the plot in figure 6 . For v 240 mm s , surfaces were superhydrophilic (θ ∼ 0
• ). At v = 480 mm s −1 , water droplets formed oval shapes and so two contact angles, θ = 54.8
• and θ = 79.3
• for long and short axes, respectively, were measured. For v > 600 mm s −1 , surfaces became hydrophobic (θ > 90 • ) and the maximum contact angle for the speed range was measured as θ ∼ 113
• . Chemically the structured surface was hydrophilic because the surface layer had high amount of oxide content (approximately 2.8 to 5.8 times more than the polished surface in weight base) similar to low-fluence processes. Contrary to microstructured surfaces formed at low fluence, liquid contact angles for these surfaces strongly depended on the surface geometry. This is attributed to the high aspect ratio of micro-cones which prevented full penetration of liquid into valleys between them. Therefore, resulting liquid contact angles were determined by competing effects of geometrical hydrophobicity and chemical hydrophilicity. Additionally, the dependence of contact angles on the micro-cone number density was contrary to observations in previous studies [13, 14] . This is probably due to the difference in micro-cone sizes. Typically, for conical spikes on silicon surfaces formed by fs pulses in SF 6 , the distance between cones (d) is less than 5 μm [13, 14] . However, in the current investigation the distance between micro-cones ranged from 10 to 70 μm. To achieve further hydrophobicity, microstructured surfaces formed by high fluence were coated with a functionalized silane, tridecafluoro-1,1,2,2,-tetrahydrooctyl-1-trichlorosilane, via a CVD process. The resulting surfaces were superhydrophobic, as shown in figure 7 , as it was difficult to detach the water droplet from the pipet tip. The water droplet did not attach itself to the surface until the volume of the droplet was increased to 9.7 μL. Thus, contact angles were measured for 9.7 μL DI water droplets as a function of the scan speed as presented in figure 8 . It was found that the contact angles showed negligible dependence on the scan speed and were maintained at approximately 150
• for all scan speeds. Considering the contact angle for the polished surface with silane coating (θ ∼ 101
• ), the hydrophobic surface microstructures increased contact angles by approximately 50
• .
In a previously published work by Wu et al [19] , authors formed 'conical-shaped spikes' on AISI 316L surfaces by fs laser ablation under vacuum, at a very low repetition rate of 1 kHz and a single scanning velocity of 1 mm s
. On the other hand, in the current investigation scanning velocity combined with high repetition rate was efficiently used to control micro-cone size and number density on AISI 316L surfaces. It was demonstrated that scanning speed, which is easily and precisely controlled in automated laser micromachining systems, is a key parameter to control the micro-cone surface morphology. Also, the laser pulse energy system used in the current investigation can be more easily automated as compared to the system used in the above-referenced article [19] . In the current investigation, all specimens were prepared in air (without vacuum) and the wetting properties of laser microstructured surfaces were characterized (i) without any additional surface treatment and additionally (ii) with silane coating treatment. On the other hand, the authors in the abovereferenced article [19] coated laser microstructured AISI 316L surfaces with silane for wettability tests under vacuum to show that the surfaces were superhydrophobic.
In the current investigation both hydrophilic and hydrophobic surfaces were created on the same AISI 316L surface, covering a wide range of contact angles from superhydrophilicity to superhydrophobicity, which has never been reported to have been accomplished in one single process. This was achieved, as mentioned above, by primarily varying scanning speed at high repetition rates. In all previous studies [13, 14, 19] , the fluence was used as the primary parameter to control the cone size and thus the surface wettability. Hence in the current investigation, it was shown that the scanning speed is another key parameter that can be controlled to achieve the same results. Moreover, laser scanning speed control is easier to be implemented in an automated system as compared to laser fluence control. Also current generations of fs lasers do not have enough pulse energy to cover the wide range of surface wettability conditions (hydrophilicity to hydrophobicity) presented in the current investigation. This makes the current approach very unique and distinguishes it from all earlier reported attempts. Overall this makes the current process very simple and effective for creating periodic micro-cones on alloy surfaces without vacuum to control surface wettability (hydrophilic and hydrophobic) in one single process.
The ability to switch between manufacturing selective wettability surfaces may be extremely beneficial in fabricating devices such as lab on a chip, sensors, medical instruments, etc. Superhydrophilicity is promising for improved heat transfer coefficients and adhesion of surface coatings. Superhydrophobicity may pave the way for cost-effective antifrosting and self-cleaning solutions for various applications.
Conclusions
A unique technique capable of manufacturing both hydrophilic and hydrophobic surface on stainless steel (SS) with relatively simple femtosecond laser treatment was demonstrated. Using low pulse energy (<10 μJ) and high repetition rate ( 500 kHz), AISI 316L SS surfaces were manipulated to control wettability which was demonstrated by a wide range of liquid contact angles. In addition to the fluence, the scan speed played a key role in controlling surface wettability by changing micro-cone number density (or the size of micro-cone microstructures). Furthermore, superhydrophobic surfaces were manufactured by coating functionalized silane via a CVD process on micro-cone textured AISI 316L SS surfaces.
